INTRODUCTION
CALIFORNIA ranks first among the states in the commercial production of lettuce (Lactuca sativa L.), averaging slightly over 60 per cent of the national monetary value (Dean and McCorkle, 1960; Hoos and Phelps, 1948) .4 Spring, summer, and fall production is concentrated in the central coastal region of the state, and the winter crop is grown in the warmer interior desert areas of the Imperial and Palo Verde valleys.
For such an important crop, only limited information is available regarding the rate of growth and course of nutrient absorption (Fujimura et al., 1960; Lorenz and Minges, 1942; McGeorge et al., 1940; Veihmeyer and Holland, 1949) . A thorough knowledge of the growth pattern and nutrient uptake of lettuce is essential to a better understanding of its fertility requirements, as well as insect and disease control in the crop.
The purpose of this study was to determine the growth rate and nutrient absorption of the Great Lakes variety of lettuce during development for the spring, summer, and fall crops in the Salinas Valley of California. Although this study was restricted to the Salinas Valley, the information reported is also applicable to the Great Lakes variety when grown in other central coastal districts of California, because of the similarity in growing conditions. During 1957 and 1958 , seventeen commercial fields in the Salinas Valley were selected for study. The trials were located on seven soil types that were representative of the lettuce-production area. Thermograph records were kept of the air temperatures six inches above the ground during the growing period of each of the crops. June, 1962] 
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Total Nitrogen and Phosphorus. These w ere determined by standard procedures given by the A. O.A.C. (Horowitz, 1955) .
Potassium, Sodium, Calcium, and Magnesium. The concentration of each of these elements was obtained by analysis of the ashed sample, utilizing a flame spectrophotometer (Yamaguchi and Minges, 1956 ).
In the text, tables, and figures, the elemental symbols N, P, K, Na, Ca, and Mg are used for compositional content, expressed on a dry-weight basis, in the plant tissues. The symbols N, P 20 S , and K 20 are used to express amounts of nutrients, expressed in pounds per acre, applied or removed. 
RESULTS AND DISCUSSION
Plant Growth Characteristics
The leaves of lettuce plants are alternate and arise from a short stem. The outermost leaves of the rosette are large and spreading and are termed "frame leaves." The few intermediate leaves that fold loosely over the head are called "wrapper leaves." The inner leaves are interlapped to form the firm terminal bud that is commonly called the "head." The leaves forming the terminal bud are called "head leaves," and the outermost leaf that covers the head is termed the "cap leaf."
Leaf Number. The number of leaves per plant, plotted against days before first harvest, is shown in figure 1 . The trials were arbitrarily separated into groups based on time to maturity-those requiring 91 to 145 days and those 474 Hilgardia [Vol. 32, No. 11 requiring 61 to 78 days from planting to first harvest. The early and late spring crops, with the exception of trial 58-5 (table 19) , belong to the former group; the summer and fall crops, to the latter group. In both groups, the number of leaves increased fairly uniformly, but with a slightly increased rate as the plants approached market maturity. The total leaf number in market-mature lettuce plants ranged from 39 to 47 per plant, and the number of frame and wrapper leaves, from 14 to 20. The basis for determining market maturity was head firmness. Plants that reached first harvest in 91 to 145 days showed the first head leaf (cap leaf) approximately 42 to 49 days before first harvest. In the lettuce that matured in 61 to 78 days, the first head leaf was visible approximately 28 to 35 days before harvest. However, the actual head development for both groups did not start until about 21 days before first harvest. June, 1962] Zin"k-Yamagtt/;chi: Studies on Head Lettuce
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Leaf Area. The mean leaf area per plant at various stages of .growth is shown in figure 2 for three trials. The increase in leaf area per plant was quite slow during the early period of growth. Following this, the growth curve followed the characteristic shape representing the grand period of growth. Since the increase in leaves per plant was fairly constant during this period, the rapid incre.ase in leaf area was the result of an accelerated increase in the area per leaf. The growth curve for leaf area was not so steep during the grand growth period for crops maturing in the early spring as that found for late spring, summer, and fall crops. For example, trial 57-9, a 128-day early spring crop, developed 65.4 per cent of its leaf area in the 21-day period before first harvest, while trial 58-8, a 70-day fall crop, developed 83.4 per cent of its leaf area in the same length of time (tables 14 and 22) .
SPRING CROP
A comparison of the area of the frame and wrapper leaves with that of the head leaves at the time of first harvest showed that the frame and wrapper leaves comprised from 49 to 65 per cent of the total leaf area per plant. The mean leaf area per plant at the time of first harvest was found to range from 4,760 to 11,400 square centimeters, or 5.1 to 12.3 sauare feet. Hilgardia [Vol. 32, No. 11 Fresh and Dry Weights of Plant. Another index of plant growth is the plant weight. The growth of lettuce, expressed as per cent of the total fresh weight at harvest, is shown in figure 3 . Plants reaching first harvest in 91 to 145 days were found to produce in excess of 70 per cent of their ultimate fresh weight in the 21 days before first harvest, and from 36 to 65 per cent in the week immediately preceding it. Plants in the group requiring 61 to 78 days to maturity produced in excess of 80 per cent of the fresh weight in the 21 days before first harvest, and 43 to 57 per cent in the week immediately preceding first harvest. In general, the growth curve was less steep in the crops that required a longer period to reach market maturity. (1940) and Lorenz and Minges (1942) reported that the per cent of dry matter in lettuce plants decreased as the plants approached market maturity. A similar trend was observed in most of the trials reported in this study. However, in four of the seventeen trials, the per cent of dry matter increased the last four to seven days before first harvest. The per cent of dry matter appears to be influenced by the climatic conditions and/or the irrigation schedule. For example, trials 57-3 and 57-2 (tables 8 and 7), grown during the same period in different locations and microclimates, demonstrated this phenomenon ( fig. 4 ). Trial 57-3, grown close to Monterey Bay under moderate temperature and wind velocity, decreased in per cent of dry matter as the plants approached market maturity. The per cent of dry matter at first harvest was 6.3. Trial 57-2, grown some thirty-five miles from the bay under increased temperature and wind velocity, and with no irrigation during the eighteen days before first harvest, increased in dry matter the last twelve days to 9.1 per cent. In this trial the plants showed temporary wilting the last three days before harvest, indicating water stress.
Temperature Effects on Growth. Climate in the Salinas Valley is influenced by proximity to the surrounding hills and to the sea. Hence, there are a number of microclimates within the lettuce-producing areas of the valley. The possibility of using temperature summation methods was explored to determine if the heat-sum concept could account for the time required for lettuce to reach market maturity. The remainder-index system was used for accumulating temperatures. A daily mean was established by averaging daily maximums and minimums. The difference between this mean and the 40°F. base was accumulated daily for each trial from planting to first harvest. This summation of remainder indices has been designated as "growing degree days."
Selection of a base temperature of 40°F. for the calculation of remainder indices was made after a study of the data, using base temperatures of 50, 45,40, and 35°F. It was found that the lower the base used, the smaller was the coefficient of variation of the means. Since lettuce plants grow slowly when the mean temperature is below 45°, a base of 40°F. seemed the lowest that was physiologically justified. The data reported in table 1 indicate that Great Lakes lettuce does not utilize the same amount of heat to reach market maturity when planted at different times of the year or in different micro-478 Hilgardia [Vol. 32, No. 11 climates on the same date. These results are in agreement with the lettuce temperature summation study of Madariaga and Knott (1951) . The mean number of days from planting to first harvest for seedings made in any given month in the Salinas Valley is shown in figure 5 for 312 Great Lakes crops grown in the years 1953 to 1957, inclusive. These data were collected from growers' records. A close similarity between this average and that of our 1957 and 1958 trials is apparent.
Nutrient Absorption and Mineral Content During Growth
The objective of lettuce growers is the production of marketable, crisp, firm, green heads, free of seedstalks and disease. A knowledge of the nutrient requirements of the plant during growth would be of great importance in planning a fertilizing program to obtain quality production with minimum costs. Trial-data tables 6-22 show for each trial the fertilizer program and the mineral contents of the lettuce plants during growth.
Total Nitrogen. The amount of nitrogen applied varied from a low of 121 pounds per acre to a high of 300 pounds per acre. Total nitrogen, expressed as per cent of dry weight, fluctuated somewhat throughout the growth of the plant, with a trend in all trials to decrease as the plant approached market maturity. The range in total nitrogen was from 6.65 to 3.10 per cent. No relation was noted between the total nitrogen content of the aboveground portion of the plant at first harvest and the amount of nitrogen applied to the crop.
Nitrate-Nitrogen. fluctuated during the growth period. These fluctuations, for the most part, were related to the rate of growth and/or time of nitrogen fertilization. A general pattern of nitratenitrogen content in the aboveground portion of the plant was observed. During the early phase of growth, there was a decrease in nitrate-nitrogen. Following thinning and a sidedressing of nitrogen, the nitrate-nitrogen content of the plant increased sharply and then tended to level off. A second application of nitrogen during the last twenty-eight days of growth increased the nitrate-nitrogen level or maintained it. This relationship of nitratenitrogen content in the plant to the time of nitrogen fertilization is shown graphically in figure 6 for trial 57-7 (table 12 ) . In contrast, trial 57-3 (table  8) , illustrated in figure 7, which had only one sidedressing of nitrogen shortly after thinning, showed a sharp increase in nitrate-nitrogen and then a rapid decrease during the eleven days before first harvest.
It has been determined from fertilizer experiments that about 0.50 per cent nitrate-nitrogen in the midrib tissue is sufficient for maximum production (Lorenz et al., 1956) . Since the nitrate-nitrogen concentration in midrib tissue is approximately two times that in the entire aboveground portion of the plant, nitrate-nitrogen levels below 0.25 per cent of dry weight in the aboveground portion of the plant were considered critical. Most samples were above this critical level. Trials 57-4, 57-9, 58-1, 58-2, and 58-5 (tables 9, 14, 15, 16, and 19) fell below the critical nitrate-nitrogen level during the early phase of growth (shortly after thinning), but this condition was corrected by subsequent nitrogen fertilization. Trial 57-3 (table 8) was the only crop below the critical level on the date of first harvest. June, 1962] 
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No relationship was found between the nitrate-nitrogen content of the aboveground portion of the plant and the amount of nitrogen applied. This was probably due to the fact that the nitrate-nitrogen content of the plant was largely dependent upon the time of application of nitrogen fertilizer and on the growth rate of the plant. nitrate.nitrogen was found in this study when the entire aboveground portion of the plant was analyzed.
Phosphorus. The amount of P 2 05 applied to these trials varied from 0 to 180 pounds per acre. The phosphorus content of the plant fluctuated somewhat throughout the growth of any given trial. A tendency for the phosphorus content to decrease as the plants approached market maturity was observed in most of the trials. The fluctuations in the phosphorus content could not be correlated with phosphorus fertilization during the growth of the crop. Phosphorus content of the aboveground portion of the plant ranged from a high of 0.79 to a low of 0.34 per cent of dry weight. The majority of the samples were in the range of 0.60 to 0.40 per cent. The data showed that all the samples analyzed higher in phosphorus than the 0.20 per cent which had been suggested as a critical level (Lorenz et al., 1956) .
No relationship "vas found between the amount of phosphorus applied to 480 Hilgardia [Vol. 32, No. 11 the soil and the amount of phosphorus found in the aboveground portion of the plant at harvest. Potassium. The amount of potassium applied to the crop varied from 0 to a high of 100 pounds of K 2 0 per acre. The potassium content fluctuated; no general trend was observed. The range in potassium content was from a high of 9.44 to a low of 4.57 per cent. All samples were much higher in potassium content than is considered to be necessary for maximum growth (Lorenz et al., 1956) .
No relationship was found between the amount of potassium applied and the amount found in the aboveground portion of the plant. Calcium. The calcium content of the aboveground portion of the plant remained fairly constant throughout the growth of any given crop. The range in calcium content found in these studies was from a high of 1.60 to a low of 0.91 per cent.
Magnesium. The magnesium content of the aboveground portion of the plant fluctuated slightly throughout the growth of the crop, but tended to decrease as the plants approached market maturity. The range in magnesium was from a high of 0.84 to a low of 0.32 per cent.
June, 1962]
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200 400 600 800 1000 1200 of these two parts of the plant shows significant differences. Nitrate-nitrogen was higher in the tops than in the roots, with the exception of trial 58-2, in which the roots were slightly higher in content. Total nitrogen and phosphorus contents in the tops and roots were approximately the same. Potassium, calcium, and magnesium were higher in the tops than in the roots. Sodium was higher in the roots than in the tops.
YIELD -CARTONS PER ACRE
Nutrie,nt Uptake Curves. The nutrient removal from the soil by the crop was calculated from the plant analyses and growth rates. Based on an average of 22,200 plants per acre, figure 8 shows the cumulative nitrogen, phosphorus, [Vol. 32, No. 11 and potassium uptake for the aboveground portion of a typical lettuce crop. The shape of the nitrogen, phosphorus, and potassium uptake curves was very similar to that of dry-matter production. The rate of nutrient removal was very slow during the early phase of growth, Approximately one week after thinning, each of the seventeen crops studied had removed less than 2.5 pounds of nitrogen, 1 pound of phosphoric acid (P 2 0 5 ) , and 4 pounds of potash (K 2 0 ) per acre. Maximum rate of growth during the twenty-one days before first harvest was accompanied by the maximum rate of nitrogen, phosphorus, and potassium uptake. During this period, in excess of 70 per cent of the nitrogen, phosphorus, and potassium was removed. Similarly shaped nutrient removal curves were found for calcium, magnesium, and sodium.
Pounds of nitrogen, phosphoric acid, and potash applied to the seventeen crops and calculated pounds removed by the aboveground portion of the plants at the time of first harvest are presented in table 3. Trials 57-8 and 57-9 were relatively low in nutrients removed. This was the result of small head size rather than low mineral content in the plants.
Calculated pounds per acre of sodium, calcium, and magnesium removed by the aboveground portion of the plants are presented in table 4. Calcium absorbed by any given crop in these studies was equal to or slightly higher than the intake of P 2 0 5 • Magnesium removed by the aboveground portion of the plants varied from a high of 15.6 to a low of 5.2 pounds per acre, while sodium varied from a high of 15.9 to a low of 4.1 pounds.
The calculated pounds of minerals in the root system of an acre of lettuce at first harvest are shown in table 5. These were relatively low when compared to the tops. Less than 5 per cent of the nitrogen and potassium and less than 6 per cent of the phosphorus absorbed by the crops were in the root system of the plants on the date of first harvest. Figure 9 shows the pounds of nitrogen, phosphoric acid, and potash removed from an acre at various yield levels. Calculations were made from the average mineral content of the aboveground portion of the plants from all trials at first harvest. Such information could be useful in determining the residual fertilizer from a lettuce crop. It is recognized that the cutout yield, or the actual plants harvested, will be far less than the average 22,200 lettuce plants per acre. The actual pounds of nutrients removed from an acre depend primarily on the yield and level of minerals in the harvested portion.
GENERAL DISCUSSION AND CONCLUSIONS
The data reported in this study follow the development of the plant during the grand period of growth. All trials were terminated on the date of first harvest of the crop, and no information was obtained on the reproductive phase of growth.
The data presented on the quantitative expression of lettuce growth suggest a number of practical factors to be considered by those associated with the lettuce industry. The rapid increase in leaf area during the growth of the crop indicates that only a relatively short period of protection may be expected from a foliar fungicide, regardless of its residual strength. Consideration needs to be given to the amount of leaf surface area in an acre of June, 1962] Zink-Yamaguchi: Studies on Head Lettuce 483 lettuce at various stages of growth in determining the quantity of an agricultural chemical to be applied in order to assure thorough coverage. Application of the same volume per acre throughout the growth of the crop would indicate either excessive amounts when the plants were small or inadequate coverage when the plants were larger. The accelerated rate of increase in fresh and dry weight per plant during the grand growth period suggests that there would be a rapid dilution of a systemic insecticide and/or fungicide, and that its period of effectiveness would thereby be reduced.
Plants in this study produced in excess of 70 per cent of their fresh weight in the twenty-one days immediately preceding first harvest. Symptoms of some factor or factors capable of limiting growth during this phase of plant development would indicate a reduction in yield. Careful manipulation of cultural practices is necessary to assure optimum conditions for growth during this period. Such practices would include maintaining adequate soil moisture, soil fertility, and soil structure and providing protection against injury due to insects and disease. Zink and Kimble (1960) have shown the relationship of the stage of plant development at the time of infection with lettuce mosaic virus to the resultant rate of growth and yield.
The temperature and growth data suggest that the Great Lakes variety can produce satisfactory heads with a mean air temperature during the twenty-one-day period before first harvest in the range of 51 to 67°F'. Great Lakes has a relatively broader temperature adaptation range than the Imperial varieties, and is widely adapted to culture under different sets of environmental conditions (Bohn and Whitaker, 1951) . Went (1950) has shown that the relationship between temperature and growth is not a direct one throughout the range at which plants grow. From bases of 35,40, 45, or 50°F., heat-sum units cannot account for the number of days from planting to market-mature lettuce. There are a number of known factors that may interact with temperature in determining the rate of maturity of head lettuce. McGeorge et ale (1940) demonstrated that highphosphate fertilizer application increased maturity and nitrogen delayed it. Zink and Grogan (1954) reported that the "big vein" disease of lettuce retards market maturity, and Zink and Kimble (1960) reported that early infection by lettuce mosaic hastens maturity.
It has long been recognized that lettuce grown in California gives large increases in yield when adequately supplied with commercial fertilizer, particularly nitrogen. Results of some early fertilizer experiments on lettuce show that 47 pounds of nitrogen, 16 pounds of phosphoric acid (P 20 5 ) , and 117 pounds of potash (K20) were absorbed per acre in the growth of the crop (Lorenz and Minges, 1942) . McGeorge et ale (1940) reported 50 pounds of nitrogen and 21 pounds of phosphoric acid (P20 5 ) absorbed by a lettuce crop in Arizona. Since these reports, commercial plantings have changed from the Imperial types to predominantly Great Lakes strains. This variety, grown as a spring, summer, and fall crop, produces a larger head than the Imperial types, which accounts in part for the generally higher nutrient absorption data reported in the present study. The nutrient absorption data for trials 57-8 and 57-9 (tables 13 and 14), which are in agreement with the early reports, should not be considered typical of Great Lakes, since in these two trials plant size was small. If trials 57-8 and 57-9 are not considered, the average nutrient absorption for 15 crops would be 95 pounds of nitrogen, 27 pounds of phosphoric acid (P205), 208 pounds of potash (K 2 0 ) , 9 pounds of sodium, 33 pounds of calcium, and 12 pounds of magnesium per acre. These figures are perhaps a little on the low side, since the study was terminated at first harvest and some of the plants had not reached market maturity. However, they do establish to a degree the nutrient absorption of Great Lakes lettuce.
A re-evaluation of current fertilizer practices would seem to be logical in the light of the information on nutrient uptake and growth pattern reported here. The practice of applying as a preplant one-half to two-thirds the total amount of nitrogen expected to be used to grow the crop is questionable. Nitrogen is mobile and may be lost as nitrate either by leaching or as surface saline accumulation in the center surface of the bed. Since lettuce absorbs little nitrogen in the early phase of growth, a more realistic program would be a preplant with one-fourth the amount of nitrogen expected to be used to grow the crop; the remaining nitrogen would then be applied as two sidedressings-one after thinning, and a second approximately a month before the predicted first harvest. Such a program would assure an ample supply of nitrogen in the root zone during the period of maximum absorption.
Phosphorus fertilizer should be applied preplant to get the maximum benefit from its use. Sidedressing additional phosphorus fertilizer during the growth of the crop had no apparent effect on the phosphorus content of the plants in this study.
Plant analyses in this study and in a lettuce nutrient survey in the Salinas Valley in 1954 (Lorenz et al., 1956) indicate that the potassium content of plants grown with no potash fertilizer was much higher than is considered necessary for optimum growth. This indicates that for the present, the soils in the Salinas Valley have a supply of potassium ample to meet the requirements of the crop. The fertilizer program must be evaluated on the basis of residual fertilizer in the soil, nutrient requirements, nutrient uptake curve, and growth pattern of the crop.
SUMMARY
1. Great Lakes lettuce developed new leaves at a nearly constant rate from emergence to market maturity.
2. Leaf area per plant increased at a progressively accelerated rate. The rapid increase in leaf area per plant was the result of an accelerated rate of increase in area per leaf, and was not due to rapid increase in leaf number per plant.
3. Correlated with the increase in leaf area was a progressive acceleration in the rate of increase in fresh and dry weight per plant. In these trials, Great Lakes produced in excess of 70 per cent of its fresh weight during the twenty-one-day period preceding first harvest, and in excess of 36 per cent of its fresh weight the week before first harvest.
4. In general, the per cent of dry matter decreased as the plant approached market maturity. The fluctuation in dry matter during the growth of some crops was correlated with climatic conditions and/or the irrigation schedule. June, 1962] Zink-Yamaguchi: Studies on Head Lettuce 485 5. The Great Lakes variety did not utilize the same amount of heat units to reach market maturity when planted at different times of the year or in different microclimates on the same date. Lettuce of good quality was produced with a mean temperature in the range of 51 to 67°F. during the headformation period of growth.
6. Chemical analyses of the plants showed a trend for total nitrogen, phosphorus, magnesium, and sodium to decrease as the plants approached market maturity. The calcium level of the plants remained at a near constant throughout the growth of the crops. The potassium content fluctuated, and no general trend was observed. Nitrate-nitrogen fluctuated throughout the growth of the crops. These fluctuations in nitrate-nitrogen can be related to nitrogen fertilizer application and/or rate of growth.
7. The shape of the nitrogen, phosphorus, potassium, calcium, magnesium, and sodium uptake curves was very similar to that for dry-matter production. Over 70 per cent of the nutrient uptake of the crop was absorbed during the twenty-one days immediately preceding first harvest.
8. From the time of planting to a week after thinning, lettuce absorbed less than 2.5 pounds of nitrogen, 1 pound of phosphoric acid, and 4 pounds of potash per acre. By first harvest, the crop had removed an average of 95 pounds of nitrogen, 27 pounds of phosphoric acid, 208 pounds of potash, 9 pounds of sodium, 33 pounds of calcium, and 12 pounds of magnesium per acre. [Vol. 32, No. 11 
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